Intrauterine infection is a recognized cause of preterm birth. The infectious organisms are believed to originate primarily from the vaginal tract and secondarily from other parts of the body. It is plausible that microbes in the oral cavity can be transmitted to the pregnant uterus. However, direct evidence supporting such a transmission is lacking. In this study, amniotic fluids of 34 pregnant women were examined by PCR using 16S and 23S rRNA universally conserved primers. Bacterial DNA was amplified from the only patient with clinical intrauterine infection and histologic necrotizing acute and chronic chorioamnionitis. One strain, Bergeyella sp. clone AF14, was detected and was 99.7% identical to a previously reported uncultivated oral Bergeyella strain, clone AK152, at the 16S rRNA level. The same strain was detected in the subgingival plaque of the patient but not in her vaginal tract. The 16S-23S rRNA sequence of clone AF14 matched exactly with the sequences amplified from the patient's subgingival plaque. These observations suggest that the Bergeyella strain identified in the patient's intrauterine infection originated from the oral cavity. This is the first direct evidence of oral-utero microbial transmission. The patient's periodontal health during pregnancy was unclear. She did not have detectable periodontal disease during postpartum examination. Bergeyella spp. had not been previously associated with preterm birth and were detected in subgingival plaque of women without clinical levels of intrauterine infection. Uncultivated species may be overlooked opportunistic pathogens in preterm birth. This study sheds new light on the implication of oral bacteria in preterm birth.
Preterm birth (PTB) is a significant public health problem and accounts for approximately 11% of all deliveries in the United States (6) . It is the leading cause of prenatal death, and the surviving infants may encounter long-term health problems throughout their lives. The majority of this morbidity and mortality involves a small subset of infants born before 30 to 32 weeks of gestation (5, 6) . Although advancement in medical technology has steadily improved the survival rate of the preterm infants, the PTB rate has not improved during the past 4 decades, showing instead a slight upward trend (30) . Thus, identification of new risk factors for PTB could have significant social and economic impact. Periodontal disease is one of the newly identified risk factors for PTB (35) . Epidemiologic and intervention studies have indicated a link between these two conditions (21, 22, 28, 29, (34) (35) (36) . However, contradictory reports also exist (13, 33) . The questions of whether periodontal disease is a risk factor for PTB and what is the mechanism underlying the potential link remain. Animal studies have provided evidence supporting the potential link and have suggested two possible mechanisms. (i) Periodontal disease could lead to systemic dissemination of inflammatory mediators and/or periodontal pathogens causing adverse pregnancy outcomes (9, 26, 27) . (ii) Oral bacteria may translocate specifically into the pregnant uterus and induce adverse pregnancy outcomes due to localized infection (18) .
One of the known causes of PTB is intrauterine infection (8, 39, 41, 44) . The infection rate is inversely related to the gestational age (5, 42) . Watts et al. (42) studied 105 amniotic fluid (AF) samples obtained by amniocentesis from women in preterm labor at less than 35 weeks of gestation. The frequencies of positive cultures by gestational age were as follows: 23 to 24 weeks, 67%; 25 to 26 weeks, 36%; 27 to 30 weeks, 17%; 31 to 32 weeks, 12%; and 33 to 34 weeks, 11% (42) . The paradigm has been that intrauterine infections most commonly originate from the lower genital tract and that the microorganisms invade the pregnant uterus through an ascending mechanism (5, 6) . A less common route of infection is hematogenous transmission, where the infectious organism may originate from other parts of the body. As one of the major microbial habitats in the human body, hosting as many as 700 different species, the oral cavity is a potential microbial reservoir for infection (1, 23, 37) . Indeed, organisms with an oral origin, such as Fusobacterium nucleatum and Capnocytophaga spp., have been associated with intrauterine infections, with F. nucleatum being one of the most frequently cultivated from or detected in the infected uterus (2, 4, 7, 10, 11, 15-17, 19, 20) . These observations are consistent with our recent findings with mice, where hematogenous infection with orally related F. nucleatum resulted in localized infection in the placenta, causing preterm and term stillbirths of the fetal pups (18) . However, direct evidence detecting and matching the microorganisms in intrauterine infections with those in the oral cavities of the pregnant women is lacking. In this pilot study, the source of intrauterine infection was examined. We report the identification of an uncultivated oral Bergeyella sp. strain associated with PTB and the possible source of the infection.
MATERIALS AND METHODS
Study population and sample collection. The study was approved by the Internal Review Board at the MetroHealth Medical Center (MHMC) in Cleveland, Ohio. A total of 35 pregnant women undergoing transabdominal amniocentesis at the Fetal Diagnostic Center or the Labor and Delivery Department at MHMC were recruited. Women who were pregnant with multiple fetuses, who were more than 5 cm dilated, or whose fetal membranes were ruptured and who had been on antibiotics within 2 weeks prior to amniocentesis were excluded from the study. Qualified patients were requested to sign a written consent and to fill out a questionnaire. Additional information was obtained from the patient's medical record. Three samples were collected at the time of recruitment: AF, blood, and vaginal swabs. Following amniocentesis, AF was placed directly into sterile 15-ml Corning centrifuge tubes (Corning Inc., Corning, NY). The vaginal samples were collected from the lower two-thirds of the vagina by using the S/P brand culture swab collection and transport system (Allegiance Healthcare, McGraw Park, IL), aided by a sterile speculum for visualization. The subgingival plaque samples were collected either at MHMC at the time of recruitment or later at the School of Dental Medicine at Case Western Reserve University. Full-mouth subgingival plaque was collected using sterile curettes and pooled into 2 ml sterile phosphate buffer (Sigma, St. Louis, MO). Caution was taken during sample collection to avoid traumatizing the soft tissue. All samples were placed into a PackAnaero system (Mitsubishi Gas Chemical Inc., New York, NY) within 10 to 15 min of collection and transported to the laboratory. The blood was cultured immediately for bacterial growth. AF samples were divided into 1-ml aliquots. The vaginal swabs were suspended in sterile phosphate-buffered saline. All samples were then centrifuged at 10,000 ϫ g for 3 min. The supernatants were removed, and the pellets were stored at Ϫ80°C. The placenta was submitted to the Pathology Department at MetroHealth Medical Center for pathological examination. A total of six tissue blocks, including two sections each of umbilical cord and membranes and four full-thickness sections of placental parenchyma, were prepared. Hematoxylin-and eosin-stained slides of these blocks were later examined.
DNA extraction. Each frozen sample pellet was suspended in 500 l lysis buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 50 mM EDTA, 1% sodium dodecyl sulfate) containing 150 mg of 0.1-mm and 50 mg of 0.5-mm zirconia/silica beads (Biospec Products, Inc., Bartlesville, OK). Samples were vigorously mixed for 3 min by vortexing and incubated at 70°C for 15 min. After centrifugation at 10,000 ϫ g for 5 min, the supernatant was collected and mixed with 130 l of 10 M ammonium acetate. The mixture was incubated on ice for 5 min and centrifuged at 10,000 ϫ g for 10 min. DNA was isolated from the supernatant by isopropanol precipitation, purified using a GeneClean Turbo kit (Qbiogene, Irvine, CA), and suspended in 30 l of elution solution from the kit.
Amplification of the ribosomal 16S-23S rRNA gene region. All PCRs were carried out using AccuPrime Taq DNA polymerase (Invitrogen, Carlsbad, CA) and an Applied Biosystems 2720 thermal cycler (Applied Biosystems, Foster City, CA). A total of 1 l of DNA from each sample was used as the template in a 25-l reaction volume. Following the first PCR, an aliquot of 5 l of the reaction mixture was treated with 2 l of Exo/SAP-IT (USB Co., Cleveland, OH) following the manufacturer's instruction. An aliquot of 1 l from the Exo/ SAP-IT reaction mixture was then used as the DNA template for the nested PCR. The conditions of PCR were as follows: an initial denaturing at 94°C for 3 min; 25 to 27 cycles of denaturing at 94°C for 1 min, annealing at 42°C (or at 52°C for nested PCR) for 2 min, and extension at 72°C for 3 min; and an additional extension at 72°C for 10 min. Primers used for PCR are listed in Table 1 . Primer BergF is complementary to the Bergeyella-specific primer kindly provided by Bruce Paster. Primers 14BitsR1 and 14BitsR2 were designed based on the DNA sequence of the highly variable internal transcribed spacer (ITS) region between the 16S and 23S rRNA genes of the Bergeyella sp. clone AF14. The PCR products were examined by 1% agarose gel electrophoresis.
DNA cloning and sequencing. The PCR products were cloned into the pCR2.1 vector by use of a TOPO TA cloning kit (Invitrogen) according to the manufacturer's instructions. Plasmid DNA was isolated from the transformants by using a Wizard Plus SV Minipreps DNA purification system (Promega, Madison, WI). The plasmid DNA was sequenced at the Molecular Biotechnology Core (Lerner Research Institute, Cleveland, OH) using sequencing primers M13 Universal (-21) and M13-2 Reverse (Table 1) .
Nucleotide sequence accession number. The 2,375-bp nucleotide sequence of the 16S rRNA gene, the complete ITS region, and the 5Ј-end portion of the 23S rRNA gene of Bergeyella sp. clone AF14 has been deposited in the GenBank database with accession number DQ241813.
RESULTS
Study population, sample collection, and medical data collection. A total of 35 women pregnant with singletons and undergoing transabdominal amniocentesis were recruited at MHMC. One patient (patient 19) was excluded from the study due to an error in sample collection. For the remaining 34 patients, the population consisted of 50.0% African-American, 35.3% Caucasian, and 14.7% Hispanic subjects, with an average age of 26.6 years. On the basis of the reasons for amniocentesis, the patients were divided into three groups: group 1, patients in preterm labor (PTL) or threatening PTL, including those undergoing cerclage due to an incompetent cervix (19 patients); group 2, patients checking for fetal lung maturity (11 patients); and group 3, patients interested in fetal genetic diagnosis (4 patients) ( Table 2 ). The gestational ages at the times of amniocentesis and delivery were recorded, as were the samples collected from each patient ( Table 2) . Among group 1 patients, approximately 58% delivered before 35 weeks of gestation, with five delivering extremely early, before 30 weeks of gestation (patients 3, 5, 14, 24, and 31). The rates of premature delivery before 35 weeks were lower in groups 2 and 3, at 0% and 25%, respectively, with only one case of extremely early delivery in group 3 (patients 9 and 30) ( Table 2 ). For group 1, hospital laboratory diagnosis of infection in the AF was ordered by the attending physicians. The results of these tests were obtained retrospectively from the patients' medical records (Table 2 ). No such tests were usually ordered for patients in groups 2 and 3 ( Table 2) . No bacteria were detected in the AF of any patients by either culturing or Gram staining. Most patients showed a normal glucose concentration in AF, ranging from 17 to 65 mg/dl, and a normal white blood cell (WBC) count of 2 to 40 cells/ml. One patient (patient 14), however, showed abnormal results, with a decreased glucose concentration of Ͻ3 mg/dl, below the diagnosis criteria of 5 mg/dl (24) , as well as an elevated WBC of 3,304 cells/ml with approximately 90% neutrophils. This patient was admitted to the hospital due to premature contractions. Amniocentesis was performed because she did not respond to tocolysis and her cervix continued to dilate to 3 to 4 cm. Results of AF tests indicated intrauterine infection despite the lack of detection of bacteria in the amniotic fluid. On the basis of this diagnosis, patient 14 was induced immediately, at 24 weeks of gestation, and delivered a female infant weighing 1 lb 7 oz. The infant was sent to the neonatal intensive care unit and survived. Following delivery, the patient's placenta was sent for pathological examination, which revealed necrotizing acute and chronic chorioamnionitis with a diffuse fetal inflammatory response in all umbilical and chorionic plate vessels and umbilical cord stroma, further confirming the intrauterine infection.
Analysis of blood and AF samples. The blood samples collected from the 34 patients were cultured anaerobically at 37°C for 1 to 2 weeks. No bacterial growth was detected in any samples. The AF samples were analyzed by PCR using universal primers 785F and 422R. Using a lab working strain, Fusobacterium nucleatum 12230, as a testing organism, the limit of detection by this approach was determined to be 10 6 CFU (data not shown). Bacteria were detected only in patient 14 (Fig. 1) . Thus, patient 14 likely had an AF infection with a significant bacterial titer, consistent with the severe intrauterine infection diagnosed clinically. The other patients were either not infected or infected at a subclinical level not detected by PCR. The 1,602-bp fragment amplified from patient 14 by PCR was cloned into pCR2.1, and the DNA sequences from 10 independent clones were determined. The sequences were 99.8% to 100% identical to each other, with only one or two random changes occurring at different positions in different clones, likely caused by infidelities of PCR (data not shown). When the consensus sequence derived from these 10 clones was searched against the NCBI nucleotide database, the first 709 bp, corresponding to the 3Ј-end region of the 16S rRNA gene, matched 99.8% with the corresponding sequences from an uncultivable oral strain, Bergeyella sp. clone AK152, deposited by B. J. Paster et al. (accession number AY008691). The remaining DNA sequence on the 1,602-bp fragment, containing ITS and 5Ј-end 23S rRNA sequences, could not be matched because there was no DNA sequence available from Bergeyella sp. clone AK152 in that region (Fig. 2) .
In order to compare DNA sequences of the 5Ј ends of 16S rRNA, AF from patient 14 was analyzed by nested PCR using primers A17F and 1512R ( Fig. 2 and data not shown). The limit of detection by nested PCR was 10 CFU, as determined using F. nucleatum 12230 as a testing organism (data not shown). The fragments amplified by nested PCR were cloned, and the sequences from three independent clones were determined. Again, only Bergeyella was detected. When the DNA sequences of the entire 1,482 bp of the 16S rRNA gene were compiled and aligned against those from Bergeyella sp. clone AK152, a total of five mismatches were detected (Fig. 2) . With a 99.7% match of the 16S rRNA, it is apparent that the intrauterine infection of patient 14 was caused predominantly by an oral Bergeyella strain, designated clone AF14. This strain differs from the type species Bergeyella zoohelcum because they share only 87 to 92% identity at the 16S rRNA level.
Examination of the subgingival plaque and vaginal swab of patient 14. To determine the source of intrauterine Bergeyella infection in patient 14, her subgingival plaque and vaginal swab samples were analyzed by nested PCR. The first PCR using universal primers 785F and 442R detected bacteria in both samples, with more in the vaginal swab than in the subgingival plaque (Fig. 3a) . This observation verified the adequacy of sample collection, which was further confirmed by nested PCR using universal primers 785F and L189R (Fig. 3b) . Nested PCR using a Bergeyella-specific primer, BergF, and the universal primer L189R amplified a strong 1,168-bp fragment from both AF and subgingival plaque but not from the vaginal sample (Fig. 3c) . Similar results were observed with two additional nested PCRs, using all Bergeyella-specific primers, i.e., BergF14BitsR1 and BergF-14BitsR2. Bergeyella-specific fragments of 961 bp and 648 bp were amplified from AF and subgingival plaque but not from the vaginal swab ( Fig. 3d and 3e) .
All three fragments (1,168, 961, and 648 bp) amplified from the subgingival plaque of patient 14 were then cloned into pCR2.1, followed by DNA sequence analysis. A total of 28 independent clones were sequenced. For each of the three fragments, two groups of sequences were identified, with one matching exactly that from AF (Fig. 2) and the other matching by 99.0 to 99.7% (data not shown). The sequence variations in the second group could be due to the increased infidelity of nested PCR; alternatively, they could indicate different strains of Bergeyella or different 16S-23S rRNA operons of the same strain. In either case, since the Bergeyella sequences identified in AF matched those in the subgingival plaque and since no Bergeyella was detected in the patient's lower vaginal tract, it is plausible that Bergeyella sp. clone AF14 originated from her oral cavity rather than from the vagina.
Detection of Bergeyella in the subgingival plaque of women without intrauterine infection. Bergeyella was detected in the subgingival plaque of all 14 patients tested by nested PCR using BergF and 14BitsR1 (Fig. 4) and BergF and 14BitsR2 (data not shown). However, patient 14 was the only subject positive for Bergeyella in AF.
DISCUSSION
In this pilot study, AF samples from a total of 34 women pregnant with singletons were analyzed. The samples were obtained via transabdominal amniocentesis before the cervix was dilated Ͼ5 cm and prior to the rupture of fetal membranes. This would minimize the possibility of microbial contamination from the lower vaginal tract. PCR analysis using universal primers specific to the 16S-23S rRNA genes detected bacteria in only one patient, patient 14 ( Fig. 1) . DNA sequence analysis of the PCR-amplified 16S rRNA gene revealed a Bergeyella strain, designated clone AF14, which shared 99.7% identity with the previously reported uncultivated oral clone AK152.
Information obtained retrospectively from the patients' medical records indicated that this was also the only patient in our study population with clinically diagnosed intrauterine infection, as indicated by a dramatically decreased glucose level and elevated WBC counts in AF. Approximately 90% of the WBC in the AF of patient 14 were neutrophils, further con- firming the infectious status. Pathological analysis of her placenta following delivery showed histologic chorioamnionitis with fetal vasculitis involving the umbilical cord (funisitis) and chorionic plate, which was apparently the cause of her premature labor and delivery at 24 weeks of gestation. The acute and chronic nature of the maternal inflammatory response together with the finding of total necrosis of amnion epithelial cells is indicative of a longstanding infection of at least 3 days in duration. The fetal inflammatory response involving all three umbilical vessels and umbilical cord stroma demonstrates that the Bergeyella sp. is capable of activating the fetal immune system, thereby increasing the risk of central nervous system and pulmonary complications (12, 31, 43) .
Little is known about the genus Bergeyella. The type species, B. zoohelcum, once named Weeksella zoohelcum, is a rodshaped, gram-negative, aerobic bacterium that is frequently associated with dog and cat bite wounds and with respiratory diseases in cats (14, 32, 38, 40) . It can be found in 38 to 90% of nasal and oral fluids and gingival scrapings of dogs (38) , yet it is difficult to cultivate (40) . On the basis of the sequence of the 16S rRNA gene, oral Bergeyella sp. clones AK152 and AF14 are clearly different from B. zoohelcum. No oral Bergeyella species has been cultivated to date. The difficulty in cultivation could explain why no bacteria were detected in the AF of patient 14 during route hospital testing. Although unlikely, the possibility exists that the AF of patient 14 was infected with additional species and that the AF of other patients was also infected, all at levels below the limit of detection by PCR. Since the other patients did not have clinical intrauterine infections and no bacteria were detected in their AF, PCR appears to be a reliable method for clinical diagnosis of intrauterine infections, particularly of those caused by uncultivated microorganisms. With a limit of detection of approximately 10 6 CFU of F. nucleatum, Bergeyella sp. clone AF14 likely reached a significant titer in AF. Thus, AF may be a useful supplement in media for enrichment or isolation of oral Bergeyella spp.
Intrauterine infection with Bergeyella has never been reported before. Where could the bacteria come from? The paradigm is that intrauterine infections originate primarily from the lower genital tract via an ascending mechanism. In the case of patient 14, however, the ascending mechanism seemed questionable due to the lack of detection of Bergeyella in her vaginal swab, even with the more sensitive method of nested PCR. The lack of detection was not due to inadequate sample collection, since ample amounts of bacteria were detected in the vaginal swab, as indicated by PCR and nested PCR using universal primers ( Fig. 3a and b) . There is an alternative possibility that due to uneven distribution of microbes, a single sampling in the vaginal tract could have missed a particular species. Nevertheless, the same Bergeyella strain was detected in the subgingival plaque of patient 14. DNA sequence comparison of clones obtained from AF and subgingival plaque revealed a perfect match of the 16S-23S rRNA gene region, including the highly variable ITS region (Fig. 2) , indicating that Bergeyella sp. clone AF14 is of oral origin. Ideally, fecal samples from patient 14 should also be examined, because the gut is another major microbial habitat. However, since Bergeyella has never been reported to be associated with the gut flora, it is unlikely that it originated from the gut. The PTB rate among the study population was higher than the national rate of 11%. This is due to the fact that women undergoing amniocentesis are usually experiencing certain complications or are under high risk and thus are more likely to deliver prematurely. However, the majority of PTBs in this study occurred late during the gestation, with a total of only six cases of preterm delivery before 30 weeks (Table 1) . Since intrauterine infection is more prevalent in extremely early PTB (5, 42) , this may explain why only one case of intrauterine infection, at a rate of 3% of the study population, was identified.
The current study differs from previous ones in that bacteria identified in AF were compared with those in the vaginal tract and the oral cavity of the same patient at the DNA level (3, 4, 10, 11, 15, 16, 20) . Although other orally related microorganisms, such as F. nucleatum and Capnocytophaga spp., have been isolated from intrauterine infections and have been speculated to originate from the oral cavity, the presence (or absence) of these organisms in the oral cavities of the same patients was not known (4, 10, 11, 16, 20) . Oral Bergeyella could be yet another opportunistic pathogen whose association with periodontal disease is not known but which is pathogenic when transmitted to other parts of the body such as the pregnant uterus.
How are oral bacteria transmitted from the oral cavity to the uterus? Like F. nucleatum and Capnocytophaga spp., Bergeyella appears to be commonly present in the subgingival plaque (Fig.  4) , albeit at low levels (unpublished results; Bruce Paster, personal communication). It is unclear why it can be transmitted to the uterus in certain patients but not in others. Orogenital contact had been proposed as a possible route of transmission of oral bacteria (3, 15) . The lack of detection of Bergeyella in patient 14's vaginal tract did not support such a transmission (Fig. 3) . Thus, we speculate that the bacteria were transmitted hematogenously, as previously demonstrated in mice (18) . Is periodontal disease a prerequisite for the transmission? It is plausible that periodontal disease may facilitate the oral-utero transfer because of the increased bacterial load in the oral cavity and the altered host immune responses during disease. Although patient 14 reported gum bleeding during pregnancy, she appeared to be in good periodontal health at postpartum examination, with no significant signs of periodontal disease. Thus, the role of periodontal disease in the oral-utero transmission is unclear. It is worth pointing out that the organisms most capable of oral-utero transmission may not be those most critically implicated in periodontal disease. Host factors and the oral microflora as a whole may play important roles in the transmission process. The current study identifies a potential FIG. 3 . Direct and nested PCR analyses of samples collected from patient 14. a. PCR using universal primers 785F and 442R. The products obtained were used as temples for nested PCR in panels b to e. b. Nested PCR using universal primers 785F and L189R. c. Nested PCR using Bergeyella-specific primer BergF and universal primer L189R. d. Nested PCR using Bergeyella-specific primers BergF and 14BitsR1. e. Nested PCR using Bergeyella-specific primers BergF and 14BitsR2. Lanes M, molecular size markers, as indicated on the left; lanes A, AF; lanes P, subgingival plaque; lanes V, vaginal swab. link between oral bacteria and preterm birth. Follow-up studies with a much larger patient population are required to address the above-mentioned questions in depth.
